The mechanism of earthquake energy input to building structures is clarified by considering the surface ground amplification and soil-structure interaction. The earthquake input energies to superstructures, soil-foundation systems and total swaying-rocking system are obtained by taking the corresponding appropriate free bodies into account and defining the energy transfer functions. It has been made clear that, when the ground surface motion is white, the input energy to the swaying-rocking model is constant regardless of the soil property (input energy constant property). The upper bound of earthquake input energy to the swaying-rocking model is derived for the model including the surface ground amplification by taking full advantage of the above-mentioned input energy constant property and introducing the envelope function for the transfer function of the surface ground amplification. Extension of the theory to a general earthquake ground motion model at the engineering bedrock is also made by taking full advantage of the above-mentioned input energy constant property.
Introduction
In the history of seismic resistant design of building structures, the earthquake input energy has been getting much interest together with deformation and acceleration. While deformation and acceleration can predict and evaluate the performance of a structure mainly for serviceability, the energy can evaluate the performance of a structure mainly for safety.
Especially energy is appropriate for describing the performance of structures of different sizes in a unified manner because energy is a global index different from deformation and acceleration as local indices. Furthermore it has been understood well [1] [2] [3] that energy is suitable for soil-structure interaction problems because this problem can be expressed reasonably by considering the exchange of energy between structures and soil.
Much work has been accumulated so far on the topics of earthquake input energy (for example, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] ). However the earthquake input energy to soil-structure systems has not been thoroughly considered in literature. This is because the behavior of a soil-structure system is quite complicated and its frequency-dependent characteristics are difficult to incorporate in the time-history analysis for computation of input energy. In contrast to most of the previous works, the earthquake input energy is formulated here in the frequency domain [3, [16] [17] [18] [19] [20] [21] to facilitate the derivation of bound of earthquake input energy which is useful for the design of building structures under uncertain soil conditions. In order to clarify the energy dissipation mechanism in the soil-structure interaction system, three kinds of input energy are defined, one to the overall soil-structure interaction system, one to the superstructure only and the other to the foundation-soil system. The structures treated in this paper are restricted to elastic structures in order to make the formulation simple. The difference between these three energies indicates the energy dissipated in the soil or that radiating into the ground. It is demonstrated that the input energy expressions for the above-mentioned three systems or substructures can be of a compact form via the frequency integration of the product between the input component (Fourier amplitude spectrum) and the substructure model component (so-called energy transfer function). With the help of this compact form, it will be made clear that, when the ground surface motion is white, the input energy to the swaying-rocking model is constant regardless of the soil property (input energy constant property). The upper bound of earthquake input energy to the swaying-rocking model is then derived for the model including the surface ground amplification by taking full advantage of the above-mentioned input energy constant property and introducing the envelope function for the transfer function of the surface ground amplification. Extension of the theory to a general earthquake ground motion model at the engineering bedrock will also be made by taking full advantage of the above-mentioned input energy constant property. The equations of motion of the model may be expressed as
where
structural damping and soil damping ( )
Let us introduce the absolute horizontal displacement y of the super-mass as
Considering the free-body diagram as shown in Fig.2 , the earthquake input energy to the SR model under the free-field horizontal ground acceleration g u  may be expressed as
This is the work done by the boundary force on the boundary displacement. The force equilibrium of the free body in Fig.2 provides
Substitution of Eq. (5) into Eq.(4) leads to
Premultiplication of
(1) and integration of the resulting equation from time=0 to 0 t lead to
Integration by parts of the right-hand side of Eq.(7) and its rearrangement by use of
From Eqs. (6) and (8), the earthquake input energy to the SR model may be expressed finally
It is known that, in linear elastic structures, the earthquake input energy can also be expressed in the frequency domain [10, [17] [18] [19] [20] [21] . Let , , , , 
In this paper, 
Eqs. (11) and (12) can be expressed in a compact form as 
Earthquake input energy to substructures in SR model

Earthquake input energy to superstructure
Consider the free-body diagram for the superstructure as shown in Fig.3 . The earthquake input energy to the superstructure can be expressed as 
Eq. (17) can be expressed compactly as
where ( ) ( ) ( )
Earthquake input energy to foundation-soil system
Consider the free-body diagram for the foundation-soil system as shown in Fig.4 . The earthquake input energy to the foundation-soil system can be expressed as
From Eqs. (4), (16), (20) , the following relation holds among the earthquake input energies to the substructures and the overall system.
By substituting Eqs. (11) and (17) into Eq. (21), the earthquake input energy to the foundationsoil system can also be expressed in the frequency domain as ( ) 
Eq. (22) can be expressed compactly as
Property of earthquake input energy to overall SR model subjected to white-noise-like free-field input
Consider the earthquake input energy to the overall SR model subjected to a whitenoise-like free-field input with ( )
=1. This quantity is called the 'scaled earthquake input energy' for the free-field input and can be evaluated by
The summation is extended to the superstructure masses and the foundation mass. Eq. (25) can be proved by taking into account that a white-noise-like free-field input with ( )
is equivalent to the impulsive loading with the initial velocity of 1 in time domain [21] .
Earthquake input energy to overall SR model subjected to engineering bedrock input
Consider a uniform surface ground on uniform engineering bedrock. If we deal with the ground motion propagation from the earthquake bedrock (around 1km-2km) to the engineering bedrock, two or three dimensional treatment may be appropriate. However, the present paper deals with the input from the engineering bedrock. It is well known that the earthquake ground motion input can be treated in most cases as a vertical propagating one after the propagation in multiple layers due to the Snell's law. Furthermore, because the main purpose of this paper is to provide a new method for evaluating the upper bound of input energy to a building structure on a surface ground, a simple but fundamental situation is assumed. Once the transfer function between a position at underground and the free-field ground surface is provided, a similar method can be developed without difficulty. 
For the damped case, 1 1 k h in Eq. (26) can be expressed by
With the help of Eq. (26), the free-field surface ground acceleration ( )
in the frequency domain may be related to the outcropping engineering bedrock surface ground acceleration
Substitution of Eq. (29) into Eq.(14) leads to ( )
Define the following quantity.
( ) 
In Eq.(32c), U ω denotes the upper limit of circular frequency for computation shown in Table 1 .
The swaying and rocking stiffnesses and damping coefficients are computed by the following simple formulae [24] . . Although a set of simple frequency-independent coefficients is used here, more complicated frequencydependent coefficients can be employed without difficulty owing to the frequency formulation in this paper. 
Case of damped surface ground amplification
Consider second the damped case for the free-field ground amplification. The damping of the surface ground is set to 0.05. For simplicity the damping of the engineering bedrock is assumed to be the same as that of the surface ground. The soil damping ratio depends on the experienced shear strain amplitude and a well-known SHAKE program can be used. However, since the main purpose of this paper is to provide a new method for evaluating the upper bound of input energy to a building structure on a surface ground, a simple case of soil damping ratio 0.05 is assumed. The case of uncertain surface ground damping will be discussed later in this section. 
As explained in Eq. ω ω becomes larger), the scaled earthquake input energy concentrates to the foundation-soil system. Fig.15 illustrates the scaled earthquake input energies for engineering bedrock input to the overall SR model, the superstructure and the foundation-soil system with respect to 1 / G ω ω for the case of damped surface ground amplification. The damping ratio of 0.05 has been adopted. The same tendency as in the undamped case can be observed.
Extension to general ground motion input at engineering bedrock surface
Consider a general ground motion input at the engineering bedrock surface the Fourier amplitude of which is shown in Fig.16 . Assume that the upper bound of the squared Fourier
is given by the following form.
This model implies that most earthquake ground motions at the engineering bedrock surface have a predominant frequency in rather lower frequency range and the components at higher frequencies are bounded by a constant value.
The first upper bound of the earthquake input energy to the SR model under the engineering bedrock horizontal ground acceleration 0 g u  may be expressed as ( ) ( )
This bound can be proved by ( ) 
The validity of this second upper bound can be proven by the property of ( ) A F ω as a positive function, as explained above, and the round-up of the squared surface soil transfer function
Eq.(38) shows that the upper bound of input energy can be computed without infinite integration.
The numerical simulation of the theory on upper bound for a general earthquake ground motion model shown in this section will be presented in the future.
Furthermore, only elastic structures have been treated for simple presentation of the theory. Since the present method takes advantage of the energy transfer function approach which can be used for elastic structures, an equivalent linearization technique [25] [26] [27] may be promising for inelastic structures. This formulation will also be presented in the future.
Conclusions
The conclusions may be summarized as follows:
(1) When the ground surface motion is white-like (constant Fourier amplitude spectrum), the input energy to the swaying-rocking model is constant regardless of the soil property, i.e. 
